Abstract
Introduction
The modulation of autonomic nervous system (ANS), concerning the interaction of sympathetic nerve and vagal nerve, plays a key role in cardiac physiological regulation. The time interval series from ECG are foundational signals, of which RR interval (RRI) and QT interval (QTI) are significant ones. The coupling between RRI and QTI as well as heart rate variability (HRV) and QT variability (QTV) can be changed in different physiological and pathological conditions, reflecting a plenty of information about ANS modulation [1, 2] . In addition to the dependence on RRI, QTI is determined by the factors independent of RRI such as the regulation of ANS itself [3, 4] . Moreover, the accommodation of QTI to RRI is very complicated, including not only an immediate response to the current RRI but also a chronic response in which the time constant is about 1~2 min [5, 6] . Heart period and ventricular repolarization exhibit rhythmical fluctuations and remarkable correlation both in the low frequency (0.04~0.15 Hz, LF) band and high frequency (0.15~0. 4 Hz, HF) band [7, 8] . However, this correlation can be changed by physiological factors (such as day and night alternation) and autonomic neuropathy caused by diseases, such as heart failure, diabetes, myocardial infarction and so on.
In the present study, we applied cross-spectrum based method to analyze possible differences of the short-term indices between normal controls and those with high risk for cardiac arrhythmias and sudden cardiac death. The ANS behavior of these people was characterized by directional correlation analysis of RRI and QTI based on transfer function.
2.
Materials and methods
Data source
Database Normal (E-HOL-03-0202-003, 9~82 y) from THEW contains 24 h Holter recordings of 202 healthy subjects. The other database is ESRD (E-HOL-12-0051-016, >40 y), including 48 h Holter recordings of 51 end stage renal disease patients with high risk for cardiac arrhythmias and sudden cardiac death. With the exclusion of those incomplete records, 189 records from Normal and 43 records from ESRD were finally selected.
For each selected recording, 2 episodes (each lasting 2 h) in resting state were extracted, one in the period of 7:00~20:00(day), the other in 0:00~6:00 (night). RRIs of the selected 2 h episodes were derived from the annotations in the databases, while QTIs corresponding to the selected RRIs were obtained by using a complex algorithm [9] validated with the records in Physionet QT Database(http://www.physionet.org/physiobank/database/ qtdb/). Ectopic beats were removed before further analysis.
Methods
In this study, the cross-spectral analysis based on the AR model was focused on short-term (2 min) indices of RRI and QTI series. The validity of the short-term indices was firstly verified and then the relevant indices (such as transfer function) results were compared between Normal and ESRD in terms of circadian rhythm.
First of all, all the 2h RRI series and QTI series in Normal were intercepted to get 2 min RRI and QTI series. This process was repeatedly done for five times to get five nonoverlapping short-term RRI and QTI data for each recording. Then, cross-spectral analysis based on the autoregressive model (AR model) was performed to get the relevant indices (such as transfer function) and subsequently verified whether there is statistical differences among the results of these five selected data.
After verifying the feasibility of using 2 min RRI series for further analysis, the relevant indices such as gain of transfer function were compared between Normal and ESRD.
Cross-spectral analysis
AR model is one of the modern power spectrum estimation methods [10] . AR model equation can be expressed by
where w(n) is white noise p is the order of AR model. The linear interaction of RRI and QTI sequence can be assessed utilizing two-sequence cross-spectral analysis [11] . Bivariate AR process is expressed by
where
a n a n A k a n a n .
The coefficient arr-qt represents the effect of QTI on RRI and aqt-rr represents the effect of RRI on QTI, by which the causal relationship of the two series is considered. Parameters in the model are determined by the least square method. The order of the AR model (p) is determined by Akaike information criterion and the maximum value is limited to 16. After the cross-spectral function is obtained , integral operation is subsequently performed to obtain the total energy of the cross-spectrum in the LF and HF band separately, and the ratio of the two is calculated as LF/HF for both day ((LF/HF)d) and night ((LF/HF)n), as well as the ratio of them ((LF/HF)d /(LF/HF)n).
Coherence function and transfer function
Coherence function can be used to characterize the strength of the linear coupling of RRI and QTI and is assessed as
where, prr-qt(f) is the cross-spectral function of RRI and QTI prr(f) and pqt(f) are the power spectrum functions of RRI and QTI, respectively. Coherence function ranges from 0 to 1, indicating a perfect uncorrelation and a full correlation. In contrast to traditional coherence function, the exploitation of prr-qt(f) and pqt-rr(f) here can not only reflect the strength of the linear coupling of RRI and QTI, but to tell the causal direction of them two.
The transfer function provides a frequency domain characterization of the linear relationship of the two signals and its estimation is available on condition that the input-output relationship of RRI and QTI is settled.
Since the dominant causal direction is from RRI to QTI under the normal state, we only consider the circumstance of RRI as input and QTI as output. And let pqt-rr(f) be zero to eliminate the effect of the opposite direction. Thus, the transfer function expression corresponding to this transfer direction is
In the LF and HF bands, the gain values at the maximum coupling (i.e., at the frequency corresponding to the peak of the coherence function) of the transfer function were taken as representative values GLF and GHF separately for both day (GLF-d and GHF-d) and night (GLF-n and GHF-n), as well as the ratio of them (GLF-d/GLF-n and GHF-d/GHF-n).
Statistic analysis
A one-way analysis of variance (ANOVA) was applied to test whether the significant differences of the crossspectral indices exist (including both day and night).
For the comparison of diurnal variation of crossspectral indices in Normal and ESRD, a paired t test was performed. If the normality test (Kolmogorov-Smirnov test) was not fulfilled, the 2 related rank sum test (Wilcoxon test) was utilized. And in the case of differences of the cross-spectral indices between Normal and ESRD, we performed an unpaired t test. If the normality test (Kolmogorov-Smirnov test) was not fulfilled, the 2 independent rank sum test (Mann-Whitney U test) was utilized. Statistical significance was accepted at the level of P < 0.05.
3.
Results Table 1 shows the statistical results of ANOVA for five randomly selected 2 min series. It was revealed that no significant difference exists for all the cross-spectrum based indices among the five different datasets (P>0.05) regardless of day or night. Therefore, we randomly chose one of the five them for analysis.
The results of time-domain and the cross-spectral analysis were reported in Table 2 . From the time-domain indices, it could be seen that diurnal variation of RRI and QTI exists in both Normal and ESRD. In addition, there were significant differences of all the time-domain indices between Normal and ESRD except for QTI at night. Specifically, RRI by day in Normal was larger than that in ESRD while the situation is reversed for RRI at night.
With regard to the results of cross-spectral analysis, GLF and GHF during daytime were both higher than that at night as well as the LF/HF. For ESRD, no diurnal variation of GLF, GHF and LF/HF was observed. Besides, in view of the comparison of this two groups, there was significantly increased GLF-d/GLF-n in Normal compared with ESRD while GHF-d/GHF-n was almost at the same level for Normal and ESRD. The (LF/HF)d/( LF/HF)n is bigger than 1 for both Normal and ESRD, and the result in ESRD was significantly lower than that in Normal. 
Discussion
This study is based on the cross-spectral analysis of RRI and QTI, investigating the changes of ANS behavior in those with high risk for cardiac arrhythmias and sudden cardiac death. On the premise that the reliability of shortterm indices was verified, we proposed to characterize the ANS behavior by comparing the indices of day and night based on the Holter data. The results showed that there were statistical differences for almost all indices when diurnal variation of the calculated results were analyzed in Normal; while few difference was observed in ESRD, indicating the loss of the circadian rhythm. Besides, we also noticed that QTI tend to be extended in ESRD.
The transfer function here (RRI as input, QTI as output) measures the linear dependence of QTI on RRI.
Reference [6] points out that the dependence relationship is more sensitive to sympathetic activity. The results of this human experiment indicate that dobutamine can increase the fast adaption (i.e , linear correlation of the two signals) of QTI to RRI change. In our study, there was prominent circadian difference in Normal induced by decreased sympathetic activity at night, leading to reduced GLF. As for ESRD, no statistical difference was observed between GLF-d and GLF-n. The possible reason may be that the overactivity of sympathetic branch still exists while vagus is active at night which results in the deficiency of GLF reduction and the loss of circadian difference under this pathological condition.
In the contrast analysis of circadian difference characterized by the ratio of day and night, there existed significant differences of GLF-d/GLF-n and (LF/HF)d/( LF/HF)n between Normal and ESRD, while there was no difference for GHF-d/GHF-n. Since HF band mainly reflect the influence of vagal tone, the statistical differences between Normal and ESRD described above indicated that the difference between this two groups is primarily caused by the overactivity of sympathetic branch in ESRD. Our research shows that the change in the degree of linear correlation between RRI and QTI carries information about autonomic regulation.
Our research also verified the feasibility of AR model based short-term indices for cross-spectral analysis on directional correlation of RRI and QTI. And the method can be used to process the data in the investigations for short response, such as stress experiment and passive head-up tilt indicated in Ref [12, 13] . Moreover, for the purpose of tracking dynamic cardiovascular state, the application of short-term indices might reduce or eliminate non-stationary interference and increase the robustness of results.
Conclusion
The correlation analysis of RRI and QTI, especially the directional correlation analysis based on transfer function is capable of characterizing physiological and pathological changes of autonomic regulation and provides methodological reference to effective use of time interval series from ECG.
